A method is described for measuring the rate constants of both synthesis and degradation of nucleic acids in sterile growing cultures of Lemna minor which avoids the difficulties of environmental changes in isotope uptake and precursor pool size. In fast growing cultures the half-life of ribosomal RNA has been estimated to be between 5 and 8 days.
provided evidence for the conservation of ribosomal RNA in fast growing cultures and has also provided an alternative assessment of recycling. When Lemna is placed on water, the rate of degradation of ribosomal RNA is increased and that of synthesis is decreased. Under partial "step down" conditions it has been found that omission of either nitrate or phosphate, or calcium or magnesium leads to an increase in the rate of degradation of ribosomal RNA. In Lemna grown on water, benzyladenine increases both the synthetic and degradative rates of nucleic acid metabolism. Abscisic acid, on the other hand, markedly reduces the rate of synthesis of ribosomal RNA but leaves the degradative rate unaltered.
conditions on the following medium: sucrose, 10 mM; Ca (NO3)2-4H20, 5 mm; KNO3, 5 mm; KH2PO4, 2 mM; MgSO4M7H20, 2 mM; H3BO3, 0.05 mM; MnCl2 4H20, 0.01 mM; CuSO4-5H20, 0.03 ;iM; FeSO4, 0.05 mM; EDTA Na2, 0.05 mM; and pH adusted to 5.0.
Cultures were grown under a constant light intensity of 103 ft-c ( F 10%) obtained from mixtures of warm white and daylight fluorescent light tubes at 25 C. Cultures were checked for microbial contamination at each transfer by placing several fronds from each culture on 2% sucrose-nutrient broth (Oxoid, Ltd.) and incubating at 30 C for 7 days. Absence of cloudiness was accepted as evidence for sterility. In cases of uncertainty, portions of the nutrient broth were streaked on 1% nutrient agar and, after further incubation, examined for colonies. All nonsterile experiments were discarded.
CsCI and Cs2SO4. Reagent grade chemicals were obtained, boiled with acid-washed charcoal, and recrystallized from hot water after filtration. The A42 of a saturated solution of CsCl was 0.028 and of CS2SO4 0.06.
Radiocbemicals. 8H-2,8-Adenine (3 c/mmole) and 14C-8-adenine (35 mc/mmole) were obtained from the Radiochemical
Centre, Amersham. Before use the 'H-adenine was purified by one-dimensional chromatography on Whatman No. 4 paper with isopropanol-H20-concentrated hydrochloric acid (130:37: 33). In the same system the "C-adenine had a purity of 99.7% and was therefore used without chromatographic purification. H15NO3, 96 .5% was obtained from Office National Industrial de I'Azote, France. Ca (15NOS)2 and K15NO3 were prepared from aliquots of the nitric acid by neutralization with CaC03 or KOH.
Abscisic acid was the kind gift of Dr. R. W. A. Leach of the Woodstock Agricultural Research Centre, Sittingbourne, Kent.
Turnover in nucleic acids in animal systems is a well established phenomenon and has been so for many years (8) . In contrast, evidence concerning the stability of nucleic acids in plant systems is infrequent. Ingle and Key (3) and Loening (4) have demonstrated rapid turnover of certain nucleic acid fractions of probable nuclear origin. In other cases, excised plant tissues frequently exhibit losses of RNA (13) . These data cannot be construed, however, as evidence for degradation of nucleic acids in growing plants since bacteria exhibit nucleic acid stability under conditions of normal growth but readily exhibit degradation when grown under step down conditions (8) . The stability of the major species of nucleic acids in growing plants is therefore largely unknown. The work described in this paper was instituted to determine the stability of the major species of nucleic acids, in particular ribosomal RNA, in plant tissues. Some of the factors which control either degradative or synthetic rates of nucleic acids in plants are considered in this paper. Further separation was carried out by dissolving the pellet in tris-acetate-EDTA andadding solidNaClto a final concentration of 2 M. After standing at 0 C for several hours, the precipitate was spun down and washed with 2 M NaCl. The pellet is referred to as the salt-insoluble fraction and the supernatant and washing as the salt-soluble fraction. When nucleic acids were dissolved in buffer not containing detergent, the buffer was pretreated with an equal volume of 1 % macaloid, (11) and the macaloid was removed by centrifugation.
MATERIALS
Aqueous radioactive nucleic acid samples were counted in duplicate as previously described (12) .
Acrylamide gel separations were carried out as described by Loening (5) and scanned at 265 nm in a Joyce-Loebl chromoscan. After freezing, radioactive gels were sliced automatically into 0.5-mm sections, and the discs were dried onto glass fibre paper discs and counted in a Packard Tricarb scintillation counter.
Isopycnic Centrifugation. Isopycnic banding of salt-insoluble RNA was carried out as described by Lozeron and Szybalski (7) , in a mixed gradient of CsCl and Cs2SO4 conning 1% HCHO. All solutions were dissolved in tris-acetate-EDTA, pH 7.8. The RNA solution (0.25 ml) was pretreated with 0.25 ml of 5% HCHO for 10 min. One milliliter of saturated CstSO4 (saturated at 25 C) was added dropwise with stirring, followed by 0.105 ml of 37% HCHO and subsequently 3.5 ml of saturated CsCl also with stirring. The RNA was banded in the Spinco 65 angle head for 3 days at 33,000 rpm at 15 C. The tube was filled with liquid paraffin to prevent collapse during centrifugation. The gradient was fractionated into 20-drop fractions with the aid of a capillary inserted to the bottom of the gradient and a peristaltic pump. Refractive indices of several fractions were taken, and densities were determined pycnometrically on a blank gradient. Optical densities of fractions were determined after dilution with the aid of micro cells. Fractions were counted after dilution to 5 ml as previously described (12) .
Experimental design. Unless stated otherwise, the following experimental design has been used. A single inoculum of 60 fronds was transferred to 100 ml of sucrose-mineral salts and grown for 6 days, in which time it had grown and divided to about 400 to 450 fronds. The whole culture was then transferred to fresh medium containing 1 Ac of 14C-adenine for 4 hr and then to unlabled medium before division into inocula of 60 fronds into separate flasks on unlabeled medium. The flasks were then sampled on successive days, and the nucleic acids were prepared.
In experiments in which a step down onto water or partly deficient nutrient conditions has been performed, the initial transfer after labeling was onto the appropriate one of these media.
Heavy Labeling of Lemna. L. minor was heavy labeled on 50 % deuterium oxide, calcium nitrate-15N (5 mM), potassium nitrate-15N (5 mM), and kinetin (10-6 M) (1) . The remaining constituents of the medium and the growth conditions were as described under "Materials" except for the omission of calcium and potassium nitrates-14N. L. minor grew apparently normally on this medium with the exceptions ofreduced rate of growth and shortened roots. Fig. 3 ) with a slope K1 = V1/B, thus V1 = K1B (6) Since B varies continuously in a growing culture, V1 can only be determined absolutely with respect to a particular value of B at a particular time. It is thus easier to refer to V1 by the rate constant of synthesis K1 . From scheme 1, V2 = K2B where K2 = rate constant of degradation. Thus from equations 3 and 6 dB d-= K1B-K2B = B(K1-K2) ( 
7) dT
A graph of lnB plotted against time should yield a straight line (see Fig. 3 ) with a slope = K1 -K2. Since K1 has already been Figure 2 shows the effect of the two environmental conditions on three growth parameters, frond number, fresh weight, and dry weight. Rate constants for each of these parameters have been calculated from the slopes of the appropriate lines and are shown in Table I . Growth on water results in a reduction in all three parameters to about the same degree. More important is the demonstration in Figure 2a that growth on sucrose-mineral salts is apparently constant for at least 11 days. Labeling experiments have been conducted only on the first 6 of these 11 days.
In Figure 3 , a and b, Lemna has been labeled for 4 hr with 141C adenine, and then samples of the labeled tissue were placed on either unlabeled sucrose-mineral salts or water. Figure 3b shows the resultant changes in the specific activity of ribosomal RNA and salt-soluble nucleic acid, and Figure 3a , changes in the levels of ribosomal RNA and salt-soluble nucleic acid under both environmental conditions. The data in the two figures support the predictions of equations 5 and 7 that the variation of log Sb and log B with time are linear. Rate constants have been determined from these figures and are shown in Table II together with calculations of doubling time and half-life.
Under conditions of high growth rate both ribosomal RNA Recycling. A third objection to the measured rates of turnover is the possibility of recycling of labeled nucleic acid degradation products. Considerable recycling would imply that the specific radioactivity of the precursor (S. in equation 2) was not zero as was assumed. It might be expected in this case, however, that a graph of log Sb with time would not be linear. In fact, as Figure 3 shows, log Sb is linear with time, indicating the likely insignifi- A2Ms of each nucleic acid sample was determined and converted into j,g using the factor E26 = 230 (see "Methods"). The mean nucleic acid mg/g fresh weight Lemna was 0.55 4 0.057.
conditions. There is little difference between the values whatever the condition of growth. In Table IV , label chase conditions have been established in a step down experiment of the kind shown in Figure 3 . Again under high growth rate conditions the rate constants of ribosomal RNA are little altered by the presence of 10-4 M adenine. Under the low growth rate conditions adenine increases the rate constant of synthesis and reduces the rate constant of degradation compared to fronds incubated on water. While this effect of adenine may be due to lowered recycling, the rate of loss of ribosomal RNA is reduced by adenine, which suggests that the rate constants may, in part or whole, be genuine. In the salt-soluble nucleic acid, adenine has a slight effect on the rate constant of degradation under high growth rate conditions, and thus some recycling may occur in this fraction.
Evidence for Conservation of Ribosomal RNA during Growth of Lemna. The third piece of evidence on recycling concerns the data shown in Figure 5 . The reasoning behind the experiment was as follows. Lemna was grown on 50% D20-"5-nitrate and labeled with '4C-adenine. After transfer onto ordinary sucrose-mineral salts the "old" heavy RNA should be separable from the new light RNA by isopycnic centrifugation. Extensive recycling would then be revealed as the incorporation of '4C-adenine into the new "light" RNA. Data from this type of experiment can also be used to determine whether the replication of ribosomal RNA in Lemna is conservative or semiconservative.
An original inoculum of several fronds of Lemna was grown on heavy medium with several subculturings until eight complete generations had passed (1) . After a lag period of several days, the plants grew apparently normally except for shortened roots and with a frond rate constant of 0.207 day-1 (compared to 0.274 day-' for the original inoculum).
The heavy fronds were labeled with 1 ,uc of '4C-adenine for 24 hr in heavy medium and then transferred to unlabeled heavy medium for a further 16 hr to allow a decline in the radioactivity of the precursor pools. The fronds were then divided into a number of flasks containing normal light medium together with 1 ,uc of 3H-adenine. Samples were taken 0 to 3 days after transfer, and the ribosomal RNA was prepared and banded isopycnically. Fractions of 20 drops were taken from the gradients, and the density of eight fractions was determined. The fractions were counted for for both '4C and 3H, and the densities of each peak were determined by interpolation. The results of the experiment are shown in Figure 5 16-hr break after labeling with '4C-adenine. If This is presumably the result of very rapid exchange of D20 after transfer, resulting in the formation of labeled precursor fragments of intermediate density. Figure 6 shows the rate of synthesis of ribosomal RNA after transfer and the specific radioactivity using the levels of 14C-adenine present in each peak from Figure 5 , a to d. The rate constants for synthesis after transfer are 0.49 and degradation 0.152 day-'.
Several features are noticeable from Figure 5 . First, the densities of the peak fractions remain virtually identical within the experimental error of determining density by refractive index. This provides evidence for the notion that the replication of ribosomal RNA in Lemna is conservative. Second, there is no appearance of 14C material under the tritium peak apart from the normal crossover between the two peaks. This would again indicate the lack of significance of recycling in this system. The pronounced assymetry of the heavy peak noticeable even in the zero samples is probably the result of unequal expansion of the gradient as described by Flamm et al. (2) . If the ribosomal RNA is banded higher in the gradient by, for example, using CS2SO4 as described by Lozeron and Szybalski (7), the assymetry disappears. The mixed CsCl and Cs2SO4 have been used in preference since they provided superior separative power.
Turnover of Individual Nucleic Acid Fractions. One further objection to the turnover data shown in Table II is the possibility that the short labeling period used (4 hr) was selecting out a group of highly labile ribosomes while the majority were stable. This possibility may be tested by increasing the labeling time and redetermining rate constants. In the experiment shown in Table V Lemna was labeled for 6 days with '4C-adenine, and the rate constants were determined in the usual manner. The data show that under these conditions the measured degradation rate constant is reduced but still measurable. These data can be interpreted as suggesting that ribosomes are heterogeneous with respect to their turnover rates. Measurements of the turnover constants of both the ribosomal RNA and salt-soluble nucleic acid are heterogeneous. The latter fraction, for example, contains both 4 and 5 S soluble RNA (14) and DNA. The rate constants for the individual fractions of nucleic acid have been determined by labeling cultures of Lemna for 4 hr, subculturing onto unlabeled medium, preparing the nucleic acids 3 to 6 days later, and then subjecting them to polyacrylamide gel separation. After scanning at 265 nm the first 60 mm of the gel were sliced into 0.5-mm sections, and the sections were counted for radioactivity. Specific radioactivities were determined from the areas under the individual peaks and the associated radioactivity. All samples were run in duplicate, Rate Conditions Cultures of Lemna were labeled for 4 hr with 1 ,uc of '4C-adenine as previously described and then placed on unlabeled medium.
Three to 6 days after the transfer, the nucleic acids were prepared and separated on 212% polyacrylamide gels for 2Y4 hr at 5 ma per gel. After scanning at 265 nm, the gels were frozen and cut into '2-mm sections, and the sections were counted. All nucleic acid components were counted to an accuracy greater than ±4% of the count. Specific radioactivities were determined from the area under each peak and its associated radioactivity. Rate constants determined as described for Table II Tables VII and VIII. Omission of calcium, nitrate, phosphate, or magnesium leads to increase in the rate of degradation of both the ribosomal and salt-soluble fraction. The increases are more marked in the ribosomal RNA fraction. The largest increases in degradative rates of ribosomal RNA are associated with the omissions of calcium and nitrate, and in both these cases net loss of ribosomal RNA is observed. The effects on the synthetic rates are less dramatic. Again omission of calcium and nitrate leads to the biggest reductions, while omission of phosphate has a barely perceptible effect. Cultures grown in the immediate absence of sucrose show little change in the rate constants, a slight decrease in the degradative rates being discernible. However, if cultures are grown continuously in the absence of sucrose, there is a more marked effect. In the experiment shown in Table VIII , cultures of Lemna were grown either in the presence or in the absence of sucrose for 4 weeks before measurement of the rate constants. It can be seen that the long term omission of sucrose results in a considerable drop in the rate constant of synthesis, but that of degradation is little altered.
Effect of Hormones on Turnover Rates. It has been claimed that the inclusion of benzyladenine or abscisic acid in the culture medium alters the rate of synthesis of nucleic acids in L. minor (14) . Since these studies failed to take into account the possible effect of both these hormones on the uptake of the label for meas- Lemna. It is hoped that the data in this paper will point the way to a much greater use of this organism in plant biochemistry.
